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ScienceDirectAlphaproteobacteria include many medically and
environmentally important organisms. Despite the diversity of
their niches and lifestyles, from free-living to host-associated,
they usually rely on very similar mechanisms to control their cell
cycles. Studies on Caulobacter crescentus still lay the
foundation for understanding the molecular details of pathways
regulating DNA replication and cell division and coordinating
these two processes with other events of the cell cycle. This
review highlights recent discoveries on the regulation and the
mode of action of conserved global regulators and small
molecules like c-di-GMP and (p)ppGpp, which play key roles in
cell cycle control. It also describes several newly identified
mechanisms that modulate cell cycle progression in response
to stresses or environmental conditions.
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Introduction
Alphaproteobacteria include many environmentally and
medically important organisms that inhabit very diverse
environmental niches, resulting in different lifestyles.
Caulobacter crescentus, for exemple, is a free-living bacteri-
um, while Brucella abortus and Sinorhizobium meliloti can
be an intracellular animal pathogen and a plant endosym-
biont, respectively (Figure 1). Despite these differences,
genomic and experimental data indicate that these organ-
isms often share common processes to control their cell
cycle [1].
A cell cycle is defined as a series of events that take place
in a cell leading to the duplication of its genome and to its
division to produce two daughter cells. The eukaryotic
cell cycle is usually divided into four consecutive stages
regulated by cyclins and cyclin-dependent kinases: a Gap
1 (G1) stage during which the cell grows, a Synthesis (S)
stage during which the DNA is duplicated, a Gap 2 (G2)www.sciencedirect.com stage and the Mitosis (M) stage during which the DNA is
segregated and cell division occurs. The molecular mech-
anisms controlling the bacterial cell cycle are much less
well understood. Due to the experimental facility to
obtain a population of C. crescentus cells that are all at
the same stage of their cell cycle and to follow them as
they progress together through their cell cycle (‘synchro-
nized’ populations), C. crescentus has been used as a major
model organism to identify and study the conserved
regulatory networks controlling the bacterial cell cycle
[2]. C. crescentus divides asymmetrically, giving two dif-
ferent daughter cells (Figure 1a): the first one is a sessile
stalked cell that replicates its chromosome (S phase) and
the second one is a motile swarmer cell that is unable to
replicate its chromosome (G1 phase). If appropriate
environmental conditions are met, swarmer cells differ-
entiate into replication-competent stalked cells. Although
many other Alphaproteobacteria such as S. meliloti and
B. abortus usually do not display polar organelles, their
cell cycles do share many common features with the
C. crescentus cell cycle, such as asymmetry of cell
division and regular changes between G1 and S phases
(Figure 1) [3].
Rather than to give a comprehensive overview of each
known mechanism controlling the cell cycles of Alpha-
proteobacteria, the aim of this short review is to summa-
rize the most recent advances in that field, with
particular emphasis on classical or epigenetic mecha-
nisms that control DNA replication, cell division and
gene expression in the C. crescentus model. In the past,
biologists refered to ‘epigenetics’ to describe heritable
changes in gene expression that occur without changes
in the DNA sequence. Nowadays, a broader definition
includes any additional information superimposed to
the DNA sequence (e.g., DNA methylation) that can
modify gene expression without being necessarily her-
itable.
Control of chromosome replication in
Alphaproteobacteria
A critical need for any cell before it divides is to make sure
that it replicates its chromosome before cytokinesis, so
that each daughter cell inherits at least one copy of the
genome. The initiation of DNA replication in C. crescentus
is tightly regulated temporally and spatially, so that it
happens only once per cell cycle in stalked cells or in the
stalked compartment of late pre-divisional cells
(Figure 1a). The DnaA protein has a DNA unwinding
activity and acts as the initiator, while the CtrA (cell cycle
transcriptional regulator A) protein is a response regulator
that inhibits replication [4].Current Opinion in Microbiology 2016, 30:107–113
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Schematics of the cell cycles of three Alphaproteobacteria. (a)
Schematic of the C. crescentus cell cycle. SW, ST, EPD and LPD
indicate swarmer, stalked, early-predivisional and late pre-divisional
cells, respectively. (b) Schematic of the S. meliloti cell cycle. Dashed
cell borders represent cell wall defects as occurring in bacteroids. (c)
Schematic of the B. abortus cell cycle outside (left) and inside (right)
host cells. PI indicates the duration of the bacterial G1 arrest following
infection of host cells [24]. For simplification, chromosomes are not
shown inside S. meliloti and B. abortus cells, as these bacteria contain
multiple replicons per cell.DnaA binds to the chromosomal origin, where it initiates
DNA replication. The current model is that DnaA needs
to be bound to ATP to be active as an initiator, but that
DnaA-ATP is rapidly converted into DnaA-ADP by a
DNA-loaded b-clamp/HdaA (homologous to DnaA) com-
plex as soon as replication is initiated in stalked cells
(Figure 2a) [4,5]. A very recent study indicates that this
Regulated Inactivation of DnaA (RIDA) control system
may also promote the degradation of DnaA (Figure 2a)Current Opinion in Microbiology 2016, 30:107–113 [6], thereby providing two parallel control mechanisms to
make sure that DNA replication can not be re-initiated to
early during the same cell cycle.
When phosphorylated, CtrA also binds to the chromo-
somal origin, where it represses the initiation by DnaA
[2,4]. Levels of CtrAP are temporally and spatially
regulated so that CtrAP accumulates only in swarmer
and pre-divisional cells. The CckA (cell cycle histidine
kinase) enzyme has a dual kinase/phosphatase activity
controlling the phosphorylation state of CtrA and of a
second response regulator called CpdR (CtrA protein
degradation regulator) (Figure 2b). CckA switches from
its kinase to its phosphatase mode as it binds to the
second messenger cyclic diguanylate (c-di-GMP) [7],
whose levels rise during the swarmer-to-stalked cell tran-
sition [8]. In addition, a complex between the phosphor-
ylated response regulator DivK (cell division protein K)
and the DivL (cell division protein L) pseudo-kinase
further inhibits the CckA kinase activity in stalked cells
[9]. As a result, CckA dephosphorylates CtrA and CpdR
during the swarmer-to-stalked cell transition. CpdR then
binds to the ClpX (caseinolytic protease X) chaperone to
promote the ATP-dependent degradation of CtrA by the
ClpP (caseinolytic protease P) proteolytic sub-unit at the
stalked cell pole [10]. The proteolysis of CtrA also
requires two additional factors, the RcdA (regulator of
CtrA degradation A) adaptor and the c-di-GMP interact-
ing protein PopA (paralog of PleD A), interacting with
one another at the stalked cell pole [11,12]. Overall, the
DivKP-dependent and c-di-GMP-dependent pathways
cooperate to remove CtrAP, allowing DnaA to initiate
DNA replication in stalked cells. During the S phase,
DnaA also promotes the transcription of gcrA [4], encod-
ing the transcriptional regulator GcrA (global cell cycle
regulator A), which activates many genes, including ctrA
and mopJ. MopJ localizes to the cell poles, where it
attenuates the function of DivK and thereby stabilizes
newly-synthesized CtrA in early pre-divisional cells [13],
preventing the initiation of new rounds of replication
during the S-phase together with the RIDA system.
Both DnaA and CtrA are indirect targets of the (p)ppGpp
alarmone that is synthesized by SpoT in C. crescentus
starved cells during the so-called stringent response
(Figure 2). (p)ppGpp represses dnaA translation [14,15]
and promotes MopJ and CtrA accumulation [13] by so far
unknown mechanisms, leading to a G1-to-S arrest in
response to starvation. Nutrient limitations might also
repress dnaA translation in a (p)ppGpp-independent man-
ner [15]. Noteworthy, removal of DnaA by the Lon
protease is also used to block DNA replication in cells
that accumulate too many unfolded proteins during acute
proteotoxic stresses [16].
DnaA is conserved in nearly each bacterial species. Al-
though the RIDA mechanism has not been studied inwww.sciencedirect.com
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Post-transcriptional control of two master regulators of chromosome replication in C. crescentus. (a) Post-transcriptional regulation of the DnaA
initiator. (b) Post-transcriptional regulation of the CtrA response regulator. Dashed lines indicate probably indirect effects.Alphaproteobacteria other than C. crescentus, it is reasonable
to think that it is functional in others, as this mechanism
was initially characterized in Escherichia coli, a quite
distant Gammaproteobacterium [17]. As for CtrA and its
control mechanisms, they are more specific to Alphapro-
teobacteria [1]. Several studies using S. meliloti and B.
abortus confirmed that G1 phases when these bacteria
are free-living are also dependent on similar mechanisms
controlling CtrA [18,19]. Still, there are probably many
family-specific members of this network that still need to
be identified, as exemplified by the B. abortus PdhS
(PleC/DivJ homolog sensor) and the S. meliloti CbrA
(calcofluor-bright regulator A) kinases controlling DivK
[18,20–22]. CtrA is also the target of defensin-like pep-
tides produced by plant cells during the differentiation of
S. meliloti into polyploid bacteroids (Figure 1b) [23].
Noteworthly, DNA replication is also tightly controlledwww.sciencedirect.com following the internalization of B. abortus into host cells
(Figure 1c) [24]. It is tempting to speculate that this G1
arrest might involve (p)ppGpp, as is seen during starva-
tion in C. crescentus (Figure 2).
Control of cell division in Alphaproteobacteria
Once bacterial chromosomes are duplicated and segregat-
ed, cytokinesis can take place, representing another highly
regulated process [25]. The first step of this process in most
bacterial species is the assembly of a Z-ring composed of
FtsZ (filamenting thermo-sensitive mutant Z) polymers at
the future division site, later acting as a dynamic scaffold for
the recruitment of other divisome components.
The accumulation and the polymerization of FtsZ are the
targets of many regulatory mechanisms that control
bacterial cell division. In C. crescentus, FtsZ levels areCurrent Opinion in Microbiology 2016, 30:107–113
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Control of cell division in C. crescentus. Dashed lines indicate probably indirect effects.temporally regulated by transcriptional and post-tran-
scriptional control mechanisms [26], while Z-ring assem-
bly is spatially controlled by a MipZ (midcell positioning
of FtsZ)-dependent system connecting cell division with
DNA replication (Figure 3) [27]. The ftsZ core promoter
contains a 50GANTC30 motif that needs to be methylated
by the cell cycle-regulated DNA methyltransferase CcrM
on both DNA strands to be the most active, which is the
case during most of the cell cycle [28]. Thus, ftsZ
expression is dependent on an original epigenetic mech-
anism of regulation. In addition, ftsZ transcription is
indirectly activated by components of the phospho-trans-
fer system (PTS), probably connecting the amount of
FtsZ that is produced to the metabolic state of the cell
[29]. The temporal regulation of ftsZ transcription is
dependent on DnaA and CtrA that act as transcriptional
activators and repressors, respectively, ensuring that ftsZ
is the most expressed in stalked cells. FtsZ is also de-
graded by the ClpP-dependent protease in swarmer cells,
limiting the number of un-polymerized FtsZ molecules in
non-dividing cells [30]. During the swarmer-to-stalked
cell transition, newly-synthesized FtsZ molecules are
stabilized and polymerize into a Z-ring assembled at
mid-cell [31]. Surprisingly, the C. crescentus GdhZ
(NAD-dependent glutamate dehydrogenase interacting
with FtsZ) protein has recently been identified as a direct
inhibitor of FtsZ polymerization [32]. This enzyme
bridges the Krebs and nitrogen cycles and, at the same
time, prevents Z-ring assembly in swarmer (G1) and late
pre-divisional (G2) cells (Figure 3). Interestingly, a
B. abortus gdhZ mutant also displays cell division defects,
suggesting that this connection between cell division
and nutrient availability in rather conserved inCurrent Opinion in Microbiology 2016, 30:107–113 Alphaproteobacteria. In addition to its activity as a direct
inhibitor of FtsZ polymerization, C. crescentus GdhZ is
thought to deliver the NADH co-factor to the KidO
(kinase and division-regulating oxidoreductase) protein
that destabilizes lateral interactions between FtsZ proto-
filaments [32], a process that might increase the speed of
cytokinesis during G2 compared to S phase [31].
Bacterial cells experiencing DNA damage usually do not
divide before most lesions have been repaired, usually
through the onset of an SOS response. In C. crescentus, the
LexA-repressed sidA gene is expressed when the SOS
response is turned on. SidA (SOS-induced inhibitor of cell
division A) then inhibits the assembly of late divisome
proteins to prevent cytokinesis (Figure 3) [31,33]. Inter-
estingly, a follow-up study showed that there exists a
second, SOS-independent, mechanism that blocks cell
division in response to DNA damage [34]. This system
uses the small DidA (damage-induced cell division in-
hibitor A) protein that binds to the FtsN (filamenting
thermo-sensitive mutant N) divisome protein to block
cytokinesis. The small SidA and DidA proteins are how-
ever found only in bacterial species closely related to C.
crescentus, suggesting that Alphaproteobacteria use diverse
mechanisms to prevent cell division in response to DNA
damage.
Genome-wide studies and the roles of global
transcriptional regulators in cell cycle control
During the past years, several genome-wide studies pro-
vided detailed information on the regulation of gene
expression as a function of the C. crescentus and S. meliloti
cell cycles [35,36,37,38]. These showed that thewww.sciencedirect.com
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(Figure 4) and 8% of those from S. meliloti were cell
cycle-regulated (CCR). 28% of the S. meliloti CCR
genes were also CCR in C. crescentus, showing partial
conservation of the network controlling cell division,
motility and cell cycle regulators in different Alphapro-
teobacteria [37]. The methylation state of each
50GANTC30 motif, the transcription start sites and 50
un-translated mRNA regions were also mapped on the
C. crescentus genome, allowing the search for regulator
binding sites in cell cycle-regulated promoters [39–41].
This analysis indicated that 55% of these are under the
direct control of minimum one global regulator or poten-
tially under epigenetic control through methylation by
CcrM [36]. Surprisingly, 50% of these CCR genes are
under the control of multiple regulators, showing thatFigure 4
G2
G1
Cc
C.crescentus 
~2’700 
SciP regulon
CtrA regulon
MucR1/2
regulons
~590 CCR TSS
Diagram illustrating the impact of seven global regulators on the temporal r
transcription start sites. CCR indicates cell cycle-regulated. G1, G2 and S in
these periods of the cell cycle. Note that the sizes of the circles and ovals i
genes belonging to each category or regulon [36].
www.sciencedirect.com complex transcriptional regulatory mechanisms, as seen
for the ftsZ gene (Figure 3), are frequent for CCR genes.
Minimum seven CCR DNA binding proteins, each in-
volved in the temporal regulation of the expression of
many genes, have been identified in C. crescentus [42].
These are the CtrA, DnaA, GcrA, SciP (small CtrA
inhibitory protein), MucR1/2 (mucoidy regulators 1/2)
and CcrM proteins, which are often conserved in Alpha-
proteobacteria (Figure 4) [42]. Four of these are intercon-
nected in C. crescentus, forming an exceptional regulatory
cascade as cells proceed through their cell cycle: DnaA
activates gcrA transcription during the G1-to-S phase
transition, GcrA activates ctrA transcription during the
S phase and CtrA finally activates ccrM transcription in G2
phase cells [43]. Although genes belonging to each
regulon seem to differ from one Alphaproteobacterium toS
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GcrA regulon
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 genome:
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Current Opinion in Microbiology
egulation of gene expression in C. crescentus. TSS indicates
dicate that these zones are enriched with genes expressed during
n this schematic are not strictly proportional to the real number of
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112 Cell regulationanother, as seen comparing the CtrA and DnaA regulons
in C. crescentus and S. meliloti, they still tend to regulate
similar cell cycle processes, such as cell division, chemo-
taxis or motility [19,37]. Interestingly, many of the
genes belonging to the MucR1/2 or SciP regulons are
also members of the CtrA regulon in C. crescentus
(Figure 4) [36]. The most recent model states that SciP
prevents the expression of a subset of CtrA-activated
genes in G1 phase cells (these genes are then expressed
only in G2 cells, like ccrM), while MucR1/2 prevent the
expression of CtrA-activated genes in pre-divisional cells
(these genes are then expressed in G1 cells, like pilA
encoding a component of the pilus) [44] (Figure 4).
Similarly, there is a significant overlap between the CcrM
and GcrA regulons in C. crescentus [39,45]. GcrA accumu-
lates in stalked cells (S phase) and it was recently shown
that its affinity for certain promoters, like the ctrA P1
promoter, is dependent on the methylation state of ade-
nines methylated by CcrM [45,46], showing that GcrA
can act as an epigenetic regulator sensitive to post-repli-
cational DNA modifications. Noteworthy, there are also
many GcrA-independent genes potentially regulated by
DNA methylation [39], suggesting the existence of other
epigenetic regulators in C. crescentus [47].
Conclusions
The most recent studies provided very valuable informa-
tion on traditional and epigenetic mechanisms controlling
the cell cycles of Alphaproteobacteria during logarithmic
growth, but also when exposed to stresses or host cells. A
striking feature is that many of them use the dual function
proteins DnaA and CtrA, which act as origin and promoter
binding proteins, to coordinate chromosome replication
with the expression of genes required for other events of
the cycle. Still, even for the best known Alphaproteobac-
terium C. crescentus, 45% of the CCR promoters do not
seem to be directly controlled by a known global regulator
(Figure 4) [36], showing that the picture of the control
network is still far from being complete. Similarly, C.
crescentus possesses myriads of small non-coding RNAs,
including essential and cell cycle-regulated ones [48,49],
suggesting that post-transcriptional mechanisms control-
ling the cell cycles of Alphaproteobacteria are still largely
under-explored.
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